Cuttings of cucumber (Cucumis sativus L.) grafted onto squash (Cucurbita moschata Duch.) rootstock using a hole-insertion graft were warmed at the hypocotyl of the rootstock in a cold chamber for acclimatization: they were soaked in water held at 31°C from the basal cut-end to the graft union at an air temperature of 12°C for 2 days. Warmed cuttings were planted and grown in an acclimatization chamber for 5 days. Control cuttings were planted immediately after grafting and grown in the chamber for 7 days. The fresh weight of the control scions decreased 2 days after grafting as a result of reduced water content, but that of warmed scions did not decrease. The fresh and dry weight of the warmed scions was 2.2 and 1.6 times that of the control, respectively, at 7 days after grafting. The graft development of warmed and control cuttings, evaluated based on the tensile strength, improved to a similar degree. The leaf conductance and chlorophyll fluorescence ratio (F v /F m ) of the warmed scions, both of which indicate the degree of water stress, improved compared to those of the control at 7 days. These results demonstrate that the warming treatment does not adversely affect graft development but does reduce water stress at low air temperature during early acclimatization, and therefore improves early growth.
Introduction
The cutting-graft method is often used in the production of cucurbitaceous and solanaceaous species. In this method, grafted cuttings are obtained by grafting scions onto rootstock cuttings harvested from seedlings, and then are rooted in growing medium. Immediately after planting, the grafted cuttings are easily damaged by water stress because their water absorption ability remains very low until roots develop. In conventional culture, the relative humidity (RH) is raised using a plastic-film tunnel to prevent wilting of the scions during acclimatization (Davis et al., 2008; Oda, 2002) . However, the environment in the tunnel fluctuates greatly, both seasonally and daily, affecting the success of the grafting (Oda, 1997) . Therefore, much effort is required to control the environment during acclimatization.
My colleagues and I previously reported that warming tomato and eggplant grafted cuttings by supplying warm water to the graft union during low-air-temperature storage improves graft development, storage quality, and subsequent growth compared with those not warmed (Shibuya et al., 2007a . This technology would also be effective for acclimatization because it can improve graft development and the quality of the rooting site with minimal loss of biomass (Shibuya et al., 2007a; Shimizu-Maruo et al., 2008) . Because high illumination to enhance photosynthesis and high RH to reduce transpiration are less necessary at low air temperature, the warming approach could simplify and improve acclimatization. If developments of root primordium and graft union could be improved stably in warm water at low air temperature, the acclimatization stage in the plastic-film tunnel would be shortened, its success rate would increase, and less effort would be needed.
In this study, I tested the warming treatment for the acclimatization of cucumber grafts, and compared the early growth, gas-exchange ability, and photosynthetic ability of the grafted cuttings with those of plants acclimatized without the warming treatment. The grafting of cucurbitaceous species is widely used to prevent soilborne diseases and to improve growth and fruit quality (Davis et al., 2008; Oda, 2002) . Cucurbitaceous species are often grafted using the root-pruning hole-insertiongraft method (Davis et al., 2008; Oda, 2002) . In this grafting method, the basal cut-end of a scion's hypocotyl is inserted into a hole drilled between the cotyledons of the rootstock. Previous studies (Shibuya et al., 2007a have only examined the warming treatment with splice-grafting of solanaceaous species to improve their storage. If the warming treatment could be applied to the acclimatization of grafted cucurbitaceous species, the use of this technology could be broadened, improving seedling production and reducing costs.
Materials and Methods
Seedlings of cucumber (Cucumis sativus L.) 'Gurinrakkusu II' and squash (Cucurbita moschata Duch.) 'Yuuyuuikki' (black type) were grown as the scion and rootstock, respectively, in a growth chamber with artificial light for 5 days after seeding at an air temperature of 28°C, 80% RH, a photosynthetic photon flux density (PPFD) of 300 μmol·m −2 ·s −1 , and a 12-h photoperiod. Seedlings were grown in a plastic tray with 128 cells containing vermiculite medium. Nutrient solution (the A-type recipe of Otsuka House Solution, diluted by 50%; Otsuka Chemical Co., Ltd., Japan) was supplied from the bottom of the tray as necessary. The scions were grafted onto the rootstocks as follows. The hypocotyl of the scions was cut 10 mm below the cotyledons at 30 to the vertical. The hypocotyl of the rootstocks was cut horizontally 30 mm below the cotyledons. The bud of the rootstock between the cotyledons was then removed, and a hole 5 mm deep was bored between the cotyledons with a drill. The cut end of the scion's hypocotyl was inserted into this hole in the rootstock to create the grafted cutting. The scion and rootstock seedling each had two cotyledons and no foliage leaves at the time of grafting.
The warming treatment was applied to 15 grafted cuttings in the cold chamber. An additional 5 grafted cuttings were used immediately for destructive sampling. The warming treatment lasted 2 days, chosen based on the results of a preliminary experiment in which roots appeared at the basal cut-end of the rootstock at approximately 2 days after the treatment started. The air temperature in the cold chamber was maintained at 12°C, which is high enough to avoid low-temperature injury and low enough to reduce water stress. The graft union was warmed by soaking the cuttings from the basal cutend of the rootstock to the graft union in water maintained at 31°C by an electric heater (Fig. 1 ). This temperature was determined from the range of optimal rooting temperatures in a previous study (Shibuya et al., 2007b) . The cuttings were supported in a hole (6-mm diameter) in a styrene-foam adiabatic board (5-mm thickness) floating on the water; the insertion depth was sufficient that the graft union remained in contact with the warm water. The temperature of the graft union was measured by inserting a thermocouple (0.1-mm diameter) at that point. White fluorescent lamps supplied continuous illumination at a PPFD of 10 μmol·m −2 ·s −1
. RH and vapor pressure deficit (VPD) were maintained at 96% and 0.06 kPa, respectively. The warmed cuttings were planted in plastic pots containing vermiculite medium 2 days after grafting and then grown in an acclimatization chamber (Ikeya Co., Ltd., Japan) for 5 days at an air temperature of 30°C, 95% RH, a VPD of 0.21 kPa, a PPFD of 300 μmol·m −2 ·s −1 , and a 24-h photoperiod. Twenty four hour lighting was used to unify the photoperiod throughout the acclimatization. These conditions (except photoperiod) are similar to those used in conventional acclimatization (Oda, 1997) . Nutrient solution was supplied from the bottom of the pot as necessary. An additional 15 grafted cuttings were planted immediately after grafting and grown for 7 days in the acclimatization chamber as a control. The experiment was conducted with no replication.
The number of wilted scions in each treatment was recorded every day. Five grafted cuttings per treatment were sampled 2 days after grafting, and 10 plants were sampled at 7 days (the end of the acclimatization period). Leaf conductance and the chlorophyll fluorescence parameter F v /F m of the scion's cotyledons were measured with a leaf porometer (SC-1, Decagon Devices, Inc., USA) and a fluorometer (FP100, Photon Systems Instruments, Inc., Czech Republic), respectively, at 0, 2, and 7 days. F v /F m indicates the maximum yield of photosystem II photochemistry, and decreases in this value provide an indication of increasing water stress (Maxwell and Johnson, 2000) . We measured leaf conductance in the laboratory within 3 minutes after the sampling, and then measured F v /F m after a 20-min darkadaptation period. Withered cotyledons were excluded from the leaf conductance and F v /F m measurements. The tensile strength of the graft union was measured after measuring leaf conductance and F v /F m , as described previously (Shibuya et al., 2007a) . Fresh and dry weights of the scions were measured and used to estimate the water content. The shoot fresh weight of the rootstock was measured 0 and 7 days after grafting. Root fresh weight was measured at 7 days. 
Results
The temperature of the graft union was maintained at 29°C during the warming treatment. The temperature of the graft union averaged 2°C lower than that of the warmed water. This difference is similar to that in our previous study (Shibuya et al., 2007a) .
The fresh weight of control scions decreased 2 days after grafting, but that of warmed scions did not decrease (Fig. 2a) . The fresh weights of both the warmed and control scions increased from 2 to 7 days, but the mean fresh weight of the warmed scions was significantly greater than that of the control (2.9 and 2.2 times that of the control at 2 and 7 days after grafting, respectively). There was no significant difference between the dry weights of the warmed and control scions at 2 days, but the dry weight of the warmed scions increased significantly (to 1.6 times that of the control) at 7 days (Fig. 2b) . The water content of the control scion decreased from 90% to 72% at 2 days, and then recovered to 78%, but that of the warmed scion did not decrease throughout the acclimatization period, and remained significantly greater than that of the control (Fig. 2c) . All control scions were wilted at 2 days (Fig. 3) . Control scions started to recover at 5 days, but 50% were still wilted by 7 days. In contrast, the warmed scions did not wilt during the warming treatment (i.e., from 0 to 2 days). Half of the warmed scions had wilted by 2 days after planting (4 days after grafting), but only 20% were still wilted at 7 days. Scions that were still wilted at 7 days were nearly dead in both treatments.
The root fresh weight of the control rootstock was significantly greater (1.3 times that of the warmed rootstock), but the shoot weights of the rootstock did not differ significantly between treatments (Table 1 ). The warmed scions had larger leaves than the control scions at 7 days (Fig. 4) . The tensile strength of the graft union increased linearly with time after grafting (Fig. 5) . There was no significant difference between the tensile strengths of warmed and control cuttings at 2 or 7 days after grafting.
The leaf conductance of the control scions decreased Values represent means ± SE (days 0 and 2, n = 5; day 7, n = 10). NS, non-significant. * and **, significantly different (t-test) between the warmed and control scions at P = 0.05 and P = 0.01, respectively. Table 1 . Fresh weight of rootstocks before and 7 days after grafting.
NS, non-significant at P = 0.05. **, significantly different (t-test) between the two treatments at P = 0.01. to almost zero by 2 days after grafting and then recovered to 42% of its original level, but that of the warmed scion did not decrease significantly throughout the acclimatization period and remained significantly greater than the control values (Fig. 6a) . The leaf conductance of the warmed scions was twice that of the control at 7 days. The F v /F m values of the warmed scions were greater than those of the controls at 7 days after grafting, but both values decreased at 2 and 7 days (Fig. 6b) .
Discussion
The loss of fresh weight by the control scions at 2 days after grafting was due to water loss. The loss of water by the scions is probably due to excessive transpiration caused by a higher VPD, because the VPD of the control cuttings was 3.5 times that of the warmed cuttings at 2 days after grafting. The fresh weight of the warmed scions did not decrease by 2 days, probably because of the lower VPD in the cold chamber combined with direct absorption of water at the graft union. The water content of the control cuttings decreased, often fatally, even though they were grown under similar conditions to those used in conventional acclimatization. This decrease in water content was probably due to the use of inappropriate conditions in the acclimatization chamber, such as a long photoperiod.
The decrease in leaf conductance to nearly zero in the control scions indicates stomatal closure due to water stress as a result of excessive transpiration. Therefore, the control scions probably absorbed less carbon dioxide during early acclimatization. In that case, illumination at the beginning of acclimatization would probably not contribute to photosynthesis. The decreased leaf conductance of the control scions at 7 days indicates a delay in recovery from this early water stress. In the warming treatment, the graft development was comparable to that in the conventional acclimatization, but without water stress because of the lower VPD, and this combination reduced water stress in the scion after planting. Decreases in F v /F m are caused by both water stress and light inhibition (Maxwell and Johnson, 2000) . Therefore, the higher F v /F m values for the warmed scions probably resulted from reduced water stress at the beginning of the acclimatization period. The greater dry weight of the warmed scions would therefore result from Values represent means ± SE (days 0 and 2, n = 5; day 7, n = 10). NS, non-significant (t-test) between the warmed and control scions at P = 0.05. Values represent means ± SE (days 0 and 2, n = 5; day 7, warmed scion: n = 8, control scion: n = 5). NS, non-significant. * and **, significantly different (t-test) between the warmed and control scions at P = 0.05 and P = 0.01, respectively.
the smaller decline in the rates of gas exchange and photosynthesis activity as a result of the lower water stress. The graft development seems to have been unaffected by the warming treatment, because the tensile strength was almost the same in both treatments. The reduced root development in the warmed rootstocks after planting (Table 1) suggests a reduction in the quality of the rootstock, probably as a result of the exposure of most of the rootstock to an anaerobic environment in the warming water. This situation differs from our previous study (Shibuya et al., 2007b) , in which we observed rooting of squash cuttings 1 day after the start of the treatment, which is 1 day earlier than in the present study, by applying warming treatment only to the cut end of the hypocotyl.
In conclusion, applying a warming treatment to the hypocotyl of grafted cucumber cuttings for 2 days at low air temperature did not adversely affect graft development but did reduce water stress after planting in the growing medium, and improved seedling growth compared with cuttings that were planted immediately after grafting. The warming technique can be conducted at a low energy cost in simple cold chambers with dim lighting, unlike closed-type acclimatization systems in which air temperature, RH, and light intensity are optimized (Itagi et al., 1990 (Itagi et al., , 1992 , and would reduce the effort required during the acclimatization period by reducing water stress at the beginning of acclimatization, when the cuttings are most easily damaged.
